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Introduction
Biological responses to stressful situations generally represent adaptive processes to protect the survival of an organism under conditions of adversity, threat or fear (McEwen, 2007) .
Here, cross-talk between the brain and the immune system is essential to achieve and maintain physiological homeostasis. However, studies in humans and in animal models have indicated that psychosocial stress can negatively influence the regulation of the neuroendocrine and immune system, resulting in physiological imbalances and increased disease susceptibility (Bartolomucci, 2007; Segerstrom and Miller, 2004) . In farm animals, there is also evidence that social factors trigger physiological and behavioral stress responses 4 and thereby play a crucial role in mediating disease risk (Proudfoot and Habing, 2015) . For example, it has been shown that social mixing stress in pigs suppresses the immune response to viral vaccination and consequently impairs protection against challenge with pseudorabies virus (De Groot et al., 2001) . Another study revealed an impact of social rank on susceptibility to Aujeszky's disease virus, with lower morbidity and mortality in dominant pigs (Hessing et al., 1994) .
Using social isolation as an established model to study psychosocial stress in pigs, our previous studies have indicated that repeated daily isolation (2 h daily from days 3-11 of age) leads to activation of the hypothalamic-pituitary-adrenal (HPA) system with enhanced cortisol release and increased glucocorticoid receptor (GR) and cytokine expression in the brain . Furthermore, the repeated isolation paradigm has caused long-term effects on sickness behavior and the pro-inflammatory network in the periphery and in the brain following lipopolysaccharide (LPS) challenge . However, the mechanisms and neural circuitry underlying cross-sensitization between psychosocial stress and the immune system are incompletely understood, but glucocorticoids, the final products of HPA activation, may modulate the sensitization of inflammatory processes (Sorrells and Sapolsky, 2007) . Thus, it has been shown that administration of exogenous glucocorticoids in rodents potentiates the peripheral and central pro-inflammatory response to an LPS challenge (Frank et al., 2010) . At the cellular level, glucocorticoid actions are mediated via GR and mineralocorticoid receptor (MR) and by the presence of tissuespecific 11β-hydroxysteroid dehydrogenases (11β-HSDs; Holmes and Seckl, 2006; Reul and de Kloet, 1985) . Additionally, it is also known that cytokines, such as tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6), have autocrine and paracrine functions within specific tissues, as well as endocrine signaling functions via their release into the blood with subsequent actions in the brain (Bilbo and Schwarz, 2012; Besedovsky and del Rey, 2011) .
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Furthermore, within the communication between neuroendocrine and immune systems, the spleen plays a crucial role in maintaining immune homeostasis during stressful situations, including pathogen exposure (Avitsur et al., 2009; Mebius and Kraal, 2005) . In this context, increased expression of several immune-related transcripts appears to provide important mediators of physiological responses to stress (Maslanik et al., 2012; You et al., 2011) .
In early life, domestic piglets are generally exposed to certain psychosocial stressors such as handling by humans, disruption of social relationships and abrupt weaning, which may influence the risk and severity of infections (Kanitz et al., 2002; Proudfoot and Habing, 2015) .
Moreover, the first weeks of life constitute a critical period for the offspring of farm animals, because the neonatal immune system is not fully developed and the intestinal gut flora is still precarious, making the neonates highly susceptible to enteric diseases (Grierson et al., 2007; Sinkora and Butler, 2009 ). Exposure to a single episode of social isolation (4 h) of piglets has been shown to cause activation of stress-related gene expression in various brain regions ) and immune alterations characterized by the redistribution of circulating lymphocytes and decreases in pro-inflammatory cytokines ). However, it is not known whether this short-term stressor is sufficient to sensitize adaptive responses to a natural bacterial infection. Yet, information concerning the role of psychosocial stress during early postnatal life in the risk of diseases is limited, but necessary for a better understanding of the biological bases of animal welfare and health.
Therefore, in the present study we hypothesized that a single 4-h social isolation procedure in domestic piglets sensitizes neuroendocrine and inflammatory responses to subsequent immune challenges both in the periphery and in the central level of piglets. Accordingly, we examined the effects of social isolation followed by a repeated oral Escherichia coli (E. coli) application on stress hormone and cytokine responses (cortisol, TNF-α, IL-6), acute phase proteins (haptoglobin; C reactive protein, CRP), clinical signs of disease and mRNA 6 expression of genes that regulate glucocorticoid and inflammatory responses (GR, MR, 11β-HSD1, 11β-HSD2, TNF-α, IL-6) in the hypothalamus, prefrontal cortex (PFC) and spleen of 7-, 21-and 35-day-old piglets.
Materials and methods
All procedures involving animal handling and treatment were conducted in strict accordance with the German Animal Protection law and were approved by the relevant authorities (Landesamt für Landwirtschaft, Lebensmittelsicherheit und Fischerei, MecklenburgVorpommern, Germany; LALLF M-V/TSD/7221.3-2.1-015/05).
Animals and experimental design
A total of 48 piglets were obtained from six German Landrace litters that were bred and raised in the experimental pig unit of the Leibniz Institute for Farm Animal Biology (Dummerstorf, Germany). After birth, the litter size was standardized to 8 piglets. Each piglet could be recognized by a tattoo number in the ear and a number painted on the back. During the suckling period, sows and their piglets were housed in a separate loose farrowing pen (6 m 2 )
with a plastic floor covered with sawdust and a water-heated lying area for the piglets with a constant room temperature (28 ± 1 °C) and lighting program (12/12 h light/dark cycle, lights on at 06:00), and with unrestricted access to food and water. The health status of the pigs was checked continuously by visual inspection during the days prior to the experiments. None of the piglets showed any clinical signs of disease. Single social isolation of piglets was carried out as previously described by Kanitz et al. (2009) . At 7, 21 or 35 days of age, 8 piglets from each litter were randomly allocated either to the social isolation treatment or to the non-7 isolated controls at an approximately equal sex ratio (i.e., two litters were used at each age: n = 8 per treatment and age group). The experimental piglets were separated from their mother and siblings once for 4 h in the morning (between 07:00 and 11:00) in separate test rooms located within the same experimental station. Here, each piglet was placed alone into a wooden box (68 × 75 ×65 cm) with sawdust on the floor and adequate air passage. The socially deprived piglets were kept under the same air and temperature conditions as in the farrowing pen. The control piglets remained undisturbed in the farrowing pen during this time.
Preparation and application of pathogenic E. coli
The porcine enterotoxigenic challenge strain E. coli Abbotstown (EcA; serotype O149:K91, hemolytic) was a kind gift from G. Baljer, Institute for Hygiene and Infectious Diseases of Animals, University of Giessen, Giessen, Germany. This EcA harbors the genes for F4ac and F6 fimbria, heat-stable enterotoxins ST-Ip and ST-II, and heat-labile enterotoxin LT-I (Schroeder et al., 2006) . The strain was cultured in Luria Bertani (LB) broth for 18 h at 37 °C, centrifuged at 3000 × g for 10 min at 4 °C, and resuspended in 0.1% peptone water. Inocula of EcA containing 1.5 × 10 10 to 2.5 × 10 10 colony-forming units (CFU) in 3 ml peptone water per dose were freshly prepared before use. Inocula were orally administered to socially isolated and non-isolated piglets via a syringe without a pinhead immediately after the social isolation treatment (first E. coli challenge) and 21 h after the first application (second E. coli challenge). The schedule for the experimental treatments of piglets is summarized in Fig. 1 .
Clinical signs of disease
After the first and second E. coli application, the behavior of the piglets was observed by scan sampling every hour for the subsequent 8 or 12 h, respectively, in their home pen to determine (Fig. 1) . Fig. 1 
Blood and tissue sampling
Blood samples were collected while the piglets were in a supine position by anterior vena cava puncture (the whole procedure lasted < 1 min) before social isolation (07:00) and the first application of E. coli (11:00), at 4 (15:00) and 8 h (19:00) after the first E. coli application, before the second E. coli application (08:00) and at 4 (12:00), 8 (16:00), 12
(20:00), 24 (08:00) and 48 h (08:00) after the second E. coli application (Fig. 1) . For plasma extraction, the samples were transferred to ice-cooled polypropylene tubes containing EDTA solution and centrifuged at 2000 × g for 15 min at 4 °C. Whole blood samples were allowed to clot for 4 h at room temperature and centrifuged at 1000 × g for 15 min at 4 °C to obtain serum. Plasma was then stored at −20 °C until cortisol concentration analysis, and serum was stored at −20 °C until haptoglobin, CRP, TNF-α and IL-6 concentration analysis.
Forty-eight hours after the second E. coli application, the piglets were euthanized by an intravenous injection of T61® (embutramide/mebezonium iodide/tetracaine hydrochloride, Intervet, Unterschleißheim, Germany), and the brains and spleens were quickly removed (< 5 min). For mRNA expression analyses, hypothalamus and PFC, dissected from both brain hemispheres, and a portion of the spleen tissues were incubated overnight in RNAlater RNA Stabilization Reagent (Qiagen, Hilden, Germany) at 2−4 °C to protect the RNA integrity.
Subsequently, they were transferred to −80 °C for storage. The stereotaxic atlas of the pig brain served as a reference (Félix et al., 1999) . Another portion of the spleen tissues was stored at −80 °C for cytokine analyses.
Tissue processing for cytokine analysis
Frozen spleen samples were weighed (300 mg) and placed in homogenization buffer (4 °C) at a ratio of 100 mg tissue/ml of buffer. The buffer contained a protease-inhibitor cocktail including 1 mM phenylmethylsulfonylfluoride (PMSF), 1 µg/ml pepstatin A, 1 µg/ml aprotinin and 1 µg/ml leupeptin in phosphate-buffered saline solution, pH 7.2, containing 0.05% sodium azide and 0.5% Triton X-100. The samples were homogenized using a Teflonglass homogenizer, subjected to one freeze-thaw cycle, and incubated at 4 °C for 1 h. The final homogenate was centrifuged at 120,000 × g for 20 min (Contron Ultracentrifuge, T-1080) to precipitate the cellular organelles. Tissue supernatants were analyzed for TNF-α and IL-6 using commercially available pig ELISAs. The protein content was determined according to the procedure of Lowry et al. (1951) .
Hormone, acute phase protein and cytokine assays
Plasma cortisol concentrations were analyzed in duplicate using a commercially available 125 I-RIA kit (DSL Inc., Sinsheim, Germany) according to the manufacturer's guidelines. The cross-reactivity of the cortisol antibody was 33.3% for prednisolone and 9.3% for corticosterone, and lower than 5% for any further competing plasma steroids. The assay was validated for use with porcine plasma . The test sensitivity was 8.1 nmol/l, and the intra-and inter-assay coefficients of variation (CV) were 8.2% and 9.8%, respectively.
Serum haptoglobin was determined using a commercially available competitive enzyme immunoassay (R-Biopharm, Darmstadt, Germany) that was specific for porcine haptoglobin.
All samples were assayed in duplicate. The limit of detection for this assay was 0.033 mg/ml, and the intra-and inter-assay CV were 2.8% and 5.2%, respectively.
Serum CRP was analyzed using a solid phase sandwich enzyme immunoassay (Tridelta Development Ltd, Maynooth, Co. Kildare, Ireland). All samples were assayed in duplicate.
The sensitivity of the assay was 20 ng/ml, and the intra-and inter-assay CV was 5.1% and 9.8%, respectively.
The TNF-α concentrations in the serum and spleen samples were analyzed using commercially available pig ELISA kits (Biosource Invitrogen, Carlsbad, California, USA)
according to the manufacturer's instructions. The sensitivity of the assay was 3 pg/ml, and the intra-and inter-assay CV were 6.2% and 8.2%, respectively. The IL-6 concentrations in the serum and spleen samples were determined with pig IL-6 ELISA kits (R&D Systems Inc., Minneapolis, MN, USA) according to the manufacturer's instructions. The sensitivity of this assay was 10 pg/ml, and the intra-and inter-assay CV were 3.5% and 8.1%, respectively.
RNA extraction and quantification of transcripts
Total RNA from individual hypothalamus, PFC and spleen samples was extracted using an RNeasy Lipid Tissue Kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. The concentration of RNA was determined by the absorbance at 260 nm. The RNA 11 purity and integrity were assessed by calculating the 260/280 nm ratio and by electrophoresis using 2% agarose in TBE buffer (89 mM Tris, 89 mM boric acid, 1 mM EDTA, pH 8.0) and SYBR gold stain (MoBiTec, Göttingen, Germany) at a final concentration recommended by the manufacturer.
The mRNA expression of the NR3C1 gene encoding the GR, the NR3C2 gene encoding the MR, the HSD11B1 gene encoding the enzyme 11β-HSD1, the HSD11B2 gene encoding the enzyme 11β-HSD2, the TNFA gene encoding the cytokine TNF-α and the IL6 gene was monitored by reverse transcription (RT) followed by real-time polymerase chain reaction (PCR) as described previously . RT was carried out with 500 ng of total RNA using iScript cDNA synthesis kit ( GTA CAG-3´) and IL-6 (forward, 5´-GAG GTA CTG GCA GAA AAC AAC C-3´; reverse, 5´-CGT TCT GTG ACT GCA GCT TAT C-3´ elongation, respectively. The specificity of the products was assessed using a melting point analysis that started at a temperature of 60 °C followed by elevation to 90 °C (1 °C per 10 s)
as well as by agarose gel electrophoresis (2%). The oligonucleotide structure was verified by sequencing in a subset of the experiments. The mRNA abundance was calculated using a known concentration of standard oligonucleotides, and the amplification efficiency determined using the iCycler. Values are expressed as pg per µg of total RNA.
Statistical analysis
Statistical analyses were performed using the SAS System for Windows, version 9.4 (Copyright, SAS Institute Inc., Cary, NC, USA). Descriptive statistics and tests for normality were calculated with the UNIVARIATE procedure of the Base SAS software. Data that fulfilled these assumptions were evaluated by ANOVA using the MIXED procedure in SAS/STAT software. The repeated measurement ANOVA model for blood parameters (cortisol, TNF-α, haptoglobin, CRP) and rectal temperature comprised a random sow effect, the fixed effects social treatment (isolation, non-isolation as control), age (days 7, 21 and 35), sex (male and female) and the repeated factor sampling time and all interactions (up to threeway interactions) between the fixed effects. The levels for sampling time were 0, 4, 8, 12, 25, 29, 33, 37, 49 and 73 hours for cortisol and rectal temperature and 0, 4, 12, 25, 37, 49 and 73 hours for TNF-α, haptoglobin and CRP. The ANOVA model for expression of mRNA (GR, MR, 11β-HSD1, 11β-HSD2, TNF-α, IL-6) and proteins (TNF-α, IL-6) in brain
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(hypothalamus, PFC) and spleen included a random sow effect, the fixed effects social treatment (isolation, non-isolation as control), age (days 7, 21 and 35), sex (male and female) and all interactions between the fixed effects. Frequencies of signs of disease (decreased attention, shivering and diarrhea) after E. coli challenges within prior isolated and nonisolated groups were analyzed by fitting a logistic model using the GLIMMEX procedure in SAS/STAT software. The model included the fixed effects social treatment (isolation, nonisolation as control), sex (male and female) and the interaction social treatment × sex.
Additionally, least-squares means (LS-means) and their standard errors (SE) were computed for each fixed effect in the models, and all pairwise differences between LS-means were tested using the Tukey-Kramer procedure. Effects and differences were considered significant if p < 0.05.
Results

Cortisol, cytokines and acute phase proteins
Before the social treatment on days 7, 21 and 35, no significant differences were observed in cortisol, TNF-α, haptoglobin and CRP concentrations between non-isolated control and isolated piglets (at least p > 0.41). Serum IL-6 concentrations were below the sensitivity threshold before the social treatment as well as after social isolation and E. coli challenges. concentrations were significantly lower 21 h after the first E. coli application in piglets isolated on day 7 compared to non-isolated piglets (p < 0.05; Fig. 3A ) and at 48 h after the second E. coli application in piglets exposed to isolation on day 21 (< 0.05; Fig. 3B ).
However, there were no significant differences on day 35 (Fig. 3C) . Furthermore, the TukeyKramer test revealed higher TNF-α concentrations in 21-day-old piglets than in 35-day-old piglets (93.7 ± 7.5 pg/ml vs. 36.7 ± 7.4 pg/ml; p < 0.05).
There was no significant influence of social treatment ( coli-challenged piglets (data not shown). and IL-6 mRNA (p < 0.001; Fig. 4F ) expression in piglets isolated on day 7 compared to control piglets after E. coli challenge, and higher 11β-HSD2 mRNA expression in piglets isolated on day 21 (p < 0.001; Fig. 4D ). Age did not affect any of the mRNA expression levels in the hypothalamus after E. coli challenge (at least p > 0.08), but there were main effects of the social treatment × age interaction on the mRNA expression of 11β-HSD1
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(F(2,30.1) = 3.46, p < 0.05), 11β-HSD2 (F(2,31.9) = 6.48, p < 0.01) and IL-6 (F(2,30.4) = 9.80, p < 0.001) in this brain region. Additionally, the Tukey-Kramer test revealed higher IL-6 mRNA expression on day 7 compared to day 35 (0.52 ± 0.08 pg/µg total RNA vs. 0.07 ± 0.08 pg/µg total RNA; p < 0.05).
There was an effect of sex on 11β-HSD2 mRNA expression (F(1,32.7) = 5.35, p < 0.05).The
Tukey-Kramer test indicated that male piglets had higher expression of 11β-HSD2 mRNA than female piglets (males: 2.84 ± 0.62 pg/µg total RNA; females: 1.05 ± 0.48 pg/µg total RNA; p < 0.05). No further significant effects of sex on mRNA expression were observed in the hypothalamus (at least p > 0.08). ANOVA showed a significant age effect on IL-6 mRNA expression in the PFC (F(2,29) = 6.8, p < 0.01), but no other mRNA alterations (at least p > 0.15). In addition, there were main 17 effects of the social treatment × age interaction on the mRNA expression of 11β-HSD1 (F(2,30.2) = 4.44, p < 0.05) and 11β-HSD2 (F(2,30.3) = 4.6, p < 0.05). In the PFC, 7-day-old piglets (0.02 ± 0.002 pg/µg total RNA) displayed higher IL-6 mRNA expression compared to 21-and 35-day-old piglets (day 21: 0.009 ± 0.002 pg/µg total RNA, p < 0.01; day 35: 0.01 ± 0.002 pg/µg total RNA; p < 0.05).
There was a significant effect of sex on IL-6 mRNA expression (F(1,29) = 6.63, p < 0.05).
The Tukey-Kramer test indicated that male piglets had higher mRNA expression of IL-6 than females (males: 0.017 ± 0.002 pg/µg total RNA; females: 0.010 ± 0.002 pg/µg total RNA; p < 0.05). ANOVA showed no additional significant effects of sex on mRNA expression in the PFC (at least p > 0.09). Fig. 6C ) and IL-6 (p < 0.001; Fig. 6F ) in the spleen of isolated and E. coli-challenged piglets compared to non-isolated challenged controls. There was no significant effect of age or sex on any mRNA expression investigated (at least p > 0.14). 
Discussion
The results of the current study provide new insights into neuroendocrine and inflammatory regulation of cross-sensitization between stress and the immune system in pigs. Prior exposure to psychosocial stress sensitizes peripheral and central mechanisms of stress adaptation to repeated immune challenges by alterations in the cortisol response and the mRNA expression levels of corticosteroid receptors, enzymes and pro-inflammatory cytokines in the brain and spleen.
Social isolation alters endocrine and immune parameters and signs of disease in E. colichallenged piglets
In our study, social isolation for 4 h induced a significant rise in plasma cortisol concentrations immediately after the social treatment, as previously shown Tuchscherer et al., 2009) . Oral administration of E. coli did not cause significant changes in cortisol concentrations in non-isolated control piglets. This result is consistent with the findings of most studies using oral E. coli challenge in pigs (Jones et al., 2001; Khafipour et al., 2014) . However, we found that piglets isolated on days 21 and 35 displayed significantly higher cortisol levels than non-isolated piglets, particularly after the second E.
coli application, indicating a sensitivity reaction of the HPA axis to subsequent E. coli challenges in isolated pigs. If this sensitization occurs to amplify the response to a subsequent stimulus, it could represent a strong adaptive response (Frank et al., 2013; Sapolsky et al., 2000) . Alternately, it is also possible that such sensitization to overcome glucocorticoidnegative feedback may be related to some stress-associated pathologies including gastrointestinal disorders and various psychiatric illnesses (Myers et al., 2012; Overmier et al., 2006) . Consistent with present findings, weaned piglets characterized as stressed at the time of LPS application reacted to LPS with an increased release of ACTH and cortisol than age-matched non-weaned suckling piglets (Kanitz et al., 2002) . In addition, the nature of the initial stressor seems to be relevant to stress-induced HPA cross-sensitization. For example, when the prior stressor contains a strong psychological component, as during social isolation or sudden weaning, cross-sensitization of the HPA response is especially observed (Belda et al., 2015) .
It is also well known that there are crucial interactive loops between glucocorticoids and cytokines during the adaptation of organisms to stressful situations. Pro-inflammatory cytokines regulate inflammatory responses to stress and infection and activate the HPA axis (Dunn, 2000; Silverman et al., 2005) . In turn, glucocorticoids act as a negative feedback regulators and further suppress the release of pro-inflammatory cytokines, thereby protecting 20 against overstimulation of the immune system (Hawkley et al., 2012; Rohleder et al., 2003) .
Although in the present study, the cortisol concentration was significantly increased by the isolation procedure, this stressor had no significant effect on the serum TNF-α concentration.
Previous investigations have shown that repeated social isolation diminished the plasma TNF-α response to subsequent LPS challenges in suckling and weaned piglets , and that bacterial infection in adult rats also caused a lower plasma TNF-α concentration in isolated relative to group housed individuals (Yee and Predergast, 2010).
Hence, we assume that the lack of isolation effect on the circulating TNF-α level in the present study may be due to analytical variability and the relatively small sample size.
However, prior exposure to a psychosocial stressor provoked a high frequency of clinical signs of disease in response to experimental E. coli infection. A variety of stressors, such as weaning and coldness, following oral administration of enterotoxigenic E. coli to piglets have been reported to increase fecal shedding of E. coli and to strengthen the humoral immune response to pathogen-specific antigen (Jones et al., 2001 ). Crowding stress and enterotoxigenic E. coli challenge was shown to result in increased fibrinogen levels and higher neutrophil:lymphocyte ratios in young pigs, which could suggest an inflammatory response (Khafipour et al., 2014) . In our study, socially isolated piglets exhibited a higher frequency of signs of disease characterized by decreased attention, shivering and severe diarrhea compared to non-isolated piglets after E. coli challenge.
Although acute phase proteins, such as haptoglobin and CRP, are known as non-specific markers for stress and clinical and sub-clinical disease in pigs (Eckersall and Bell, 2010; Petersen et al., 2004 ), herein we did not find significant effects of social isolation on serum haptoglobin or CRP in E. coli-challenged piglets. Increases in cytokines, such as TNF-α and IL-1β, are known to lead to CRP production (Ansar and Ghosh, 2013) . However, in the present study, we found a slight decrease in the peripheral TNF-α concentration in isolated 21 piglets challenged with E. coli, which could help to explain the lack of alterations in circulating CRP.
Social isolation increases mRNA expression of stress-and immune-related genes in the brain and spleen of E. coli-challenged piglets
The brain is the key organ in responses to stress and adaptation, and the interactive regulation between stressors and immune stimuli (McEwen 2007) . There is growing evidence that stressinduced activation of the HPA axis and the resultant release of glucocorticoids may mediate sensitization of central inflammatory processes, in particular the expression of proinflammatory cytokines (Frank et al., 2010; Sorrells and Sapolsky, 2007) . The bioavailability of glucocorticoids is regulated by several factors, including the binding of glucocorticoids to receptors in the brain and modulation by the glucocorticoid-metabolizing enzymes 11β-HSD1
and 11β-HSD2 (Holmes and Seckl, 2006; Reul and de Kloet, 1985) . In the present study, we detected isolation-induced modulation in the mRNA expression of genes that are thought to be involved in central stress and immune responses. Specifically, we found an increase in hypothalamic 11β-HSD1 and IL-6 mRNA expression levels in piglets isolated on day 7 prior to the repeated E. coli challenge in comparison to expression in non-isolated E. colichallenged piglets, and higher 11β-HSD2 mRNA expression in these piglets isolated on day 21. Previous work from our group has shown that a single social isolation for 4 h caused an increase in GR and 11β-HSD1 mRNA expression in the hypothalamus of piglets, suggesting more effective feedback inhibition . A few studies in rats have demonstrated an ability of acute psychological stress to upregulate IL-6 gene expression in the hypothalamus (Jankord et al., 2010; Roque et al., 2016) . The present results indicate that psychosocial stress followed by a natural immune challenge is also able to induce increased IL-6 mRNA expression in the hypothalamus of pigs. Although glucocorticoids are classically 22 considered anti-inflammatory and immunosuppressive (Sorrells and Sapolsky, 2007; Webster et al., 2008) , studies in rodents have shown that acute stressors or exposure to glucocorticoids can potentiate central and peripheral pro-inflammatory responses to LPS challenge (Frank et al., 2010; Johnson et al., 2002 Johnson et al., , 2003 . The temporal relationship between the stressor and immune challenge has been found to influence the pro-inflammatory or anti-inflammatory actions of glucocorticoids. Pro-inflammatory effects in the brain were induced if the challenge followed the onset or termination of the stressor (Frank et al., 2010) . Thus, our results support the concept that prior exposure to a stressor primes neuro-inflammatory responses to a subsequent immune challenge (Frank et al., 2013) .
In addition, the sensitization of neural pathways to immune challenge via prior stressor exposure is also reflected in the expression of glucocorticoid-regulating genes in the PFC, a region of the brain that is involved in the processing of stressful information (Cerqueira et al., 2008; Jankord and Herman, 2008) . Piglets isolated on days 21 and 35 and subsequently challenged with E. coli displayed enhanced 11β-HSD1, 11β-HSD2 and GR mRNA levels in the PFC in comparison to non-isolated piglets after challenge with E. coli. These changes in glucocorticoid-metabolizing enzymes and receptor genes indicate an enhanced negative feedback regulation of the HPA axis to control and maintain glucocorticoid homeostasis (Myers et al., 2012) . Based on studies in rodents, it is known that the distinct expression patterns of both dehydrogenases 11β-HSD1 and 11β-HSD2 may protect target organs against the potential adverse effects of glucocorticoids and control glucocorticoids (Seckl, 1997) . In this context, the present results showing increased enzyme and receptor mRNA expression levels could be related to the temporal dynamics of molecular processes that modulate intracellular glucocorticoid concentration and sensitivity (Herman et al., 2016; Oakley and Cidlowski, 2013 ).
However, it should be noted that in our study alterations of the mRNA expression of stressand immune-related genes in the brain were moderate compared to relevant research in laboratory animals. One reason for this may be that studies in rodents mostly investigated cross-sensitization between stress and immune system by using strong stressors and the model of systemic LPS administration that induces an inflammatory process with marked neuroendocrine and neuroinflammatory alterations (Johnson et al., 2002; de Pablos et al. 2006; Frank et al., 2013) . In contrast, the stressor and E. coli challenge used in the present study reflect more naturally occurring situations during the early postnatal life of piglets and can be assessed as moderate. In addition, species-specific differences in postnatal development of the stress system should also be considered (Kanitz et al., 2011) .
Several studies have emphasized the importance of the spleen in initiating immune reactions to a variety of challenges, including pathogen exposure and psychological stress (Avitsur et al., 2009; Mebius and Kraal, 2005; O'Connor et al., 2003) . In our study, we observed increases in the mRNA expression of splenic MR, 11β-HSD1 and IL-6 in piglets isolated on day 7 prior E. coli challenge, and in the TNF-α concentration in piglets isolated on day 35.
The changes in pro-inflammatory cytokines at the mRNA and protein levels in the spleen suggest a potential increase in inflammatory conditions. Psychological stress has been shown to have direct effects on cytokine pathways that are associated with inflammatory responses in various target organs and may be implicated in stress-related and mood disorders (Bartolomucci and Leopardi, 2009; Hennessy et al., 2011) . Previous studies have indicated that exposure to an acute stressor induces the expression of cytokines and other immune mediators that operate particularly in splenic innate immunity (Maslanik et al., 2012; O'Connor et al., 2003) . Additionally, social stress in mice and piglets enhances LPS-induced production of IL-1β, TNF-α and IL-6 in splenocyte cultures (Bailey et al., 2009; Tuchscherer et al., 2014) . Furthermore, pro-inflammatory cytokines have been shown to increase 11β-HSD1 expression and reductase activity, thereby favoring the regeneration of active glucocorticoids and counterbalancing inflammation (Chapman and Seckl, 2008) . In contrast, social stress is known to induce a state of functional glucocorticoid resistance in mouse and pig splenocytes that may also alter susceptibility to inflammatory diseases (Avitsur et al., 2009; Tuchscherer et al., 2014) . Moreover, the present results indicate that the effects of local glucocorticoids on the spleen in response to stress and infection can be mediated in particular via intracellular MR. Although MR protein expression in the spleen is low, there is some evidence that acute stress affects splenic MR rather than GR (Spencer et al., 1993) . Thus, our data demonstrate for the first time that a prior single social isolation sensitizes splenic immune-related and glucocorticoid signaling in pigs to a subsequent immune challenge.
In addition to the isolation-induced modulation of IL-6 mRNA expression, we also found agedependent effects on mRNA expression and protein content for this cytokine in the brain and spleen. Younger piglets displayed higher IL-6 mRNA expression levels in the hypothalamus and PFC, and a higher IL-6 concentration in the spleen compared to older piglets. The multifunctional cytokine IL-6 is able to promote Th2-like cytokine production in T cells and directs Th2-type immune responses (Diehl and Rincón, 2002; Heijink et al., 2002) . Studies in humans and animals have also shown that the Th2 bias of the immature immune system in neonates is progressively altered in the Th1 direction with increasing age (Morein et al., 2002; Upham et al., 2002) . Therefore, the age-dependent alterations in IL-6 observed in the present study could be associated with a redirection of the neonatal immune protection towards an appropriate Th1 response during the development of immunity in piglets, which protects against bacterial infections.
Overall, we have shown that a short-term psychosocial stressor can sensitize both peripheral and central stress-regulating reactions in response to a natural immune challenge. Considering that domestic pigs are closely related to humans in terms of brain development and immune 25 function (Conrad and Johnson, 2015; Lind et al., 2007; Meurens et al., 2012) , our findings suggest that psychosocial stress in early life can make offspring more sensitive to infections and can lead to a more severe disease. Thus, these results may help to elucidate the mechanisms of early sensitization to stressful experiences and to identify critical developmental periods that are comparable, to some extent, with those periods in humans.
Conclusion
The present results demonstrate that prior exposure to psychosocial stress sensitizes neuroendocrine and inflammatory responses to repeated E. coli challenges, as indicated by increased mRNA expression of glucocorticoid-regulating genes and cytokine genes in stressrelated brain regions and spleen. Furthermore, the effects of this stressor were particularly pronounced in younger piglets, indicating that early life stress can impact developmental pathways that result in altered stress regulation and an increased risk for disease. Finally, our findings emphasize the role of the inflammatory cytokine IL-6 in mediating the interaction between stress and immune processes during the early life period. Finally, our findings reveal that IL-6 may play an important role in mediating the interaction between stress and immune processes during the early life period. While the present data are relevant to health and welfare aspects in farm animal husbandry, they may also have important implications for the etiology of stress-induced disorders in humans. Piglets were isolated on day 7 (A), day 21 (B) or day 35 (C) of age (black cycle; n = 8 per age group). Non-isolated, E. coli-challenged piglets served as controls (white cycle; n = 8 per age group). Data are expressed as LS means ± SE. Significant differences between isolated and control piglets are indicated by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001; Tukey-Kramer test). Fig. 3 Effect of social isolation on serum TNF-α concentrations in E. coli-challenged piglets.
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